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550 W fuel cell

High Power Fuel Cell Propulsion Systems#&g:
lon Tiger Program '

Demonstrate 24 h flight of fuel cell powered UAV

Milestones FY 08 09 0
] ] | |
550-W/1-kg fuel cell | | | : : VAN
! I
Systems research I T ,
| | I |
Contaminant studies I I I
I
. . I I :
Flight testing: 24-h, §-Ib payload | | T I R
Funding ($4M) - ONR Completed 26 hrs with 5-1b
payload in Nov09.

Description

Goals & Benefits

The lon Tiger fuel cell UAV flies 24 hours with a 5 pound
payload. The electric fuel-cell propulsion system is
efficient, lightweight and quiet, providing a low-signature
system for high-payoff missions. TRL=6

Technology

¢ 35-pound UAV with 24-hour endurance and 5-pound
payload capability.

¢ 550-W/ 1-kg polymer fuel cell system

¢ High capacity hydrogen fuel tanks (>12% storage)

¢ Fuel cell survivability and durability in naval conditions

e Operation in temperatures up to 120 °F

> Alternative, electric propulsion system enables low
altitude flights and Tier Il missions with small UAV

> Benefits of lon Tiger fuel cell UAV

>long endurance =reduced CONOPS (launch 1x per
day

>quiet, low signature, easy start

>7x the capacity of batteries

>produces only water and heat.
> Navy-owned technology

POCs: Karen Swider Lyons, NRL, 202-404-3314 2
Joe Mackrell, NRL, 202-404-7607




Nﬁ Motivation for High Power Fuel Cell
Propulsion Systems

Fuel cell advantages:

Advantages of electric

« Higher energy than batteries propulsion

« Higher efficiency than engines * Near silent operation
Small engines ~10% efficient * Instant starting
Fuel cells ~45% efficient * Increased reliability

» Ease of power control
* Reduced thermal

Benefit to Navy: signature

* Long endurance electric UAVs

* Quiet flights at 400 ft AGL with inexpensiv
payload
— Lowers cost and OPTEMPO of missions
 Big UAV missions with a small UAV
e “Nano-ization” of UAVs
« Lower cost and maintenance
* Less storage volume




Nﬁ Energy of Fuel Cells vs. Batteries
eI - B for Ion Ti ger system

16 kg GTOW - 38 wt% fuel cell propulsion plant

® 6 kg fuel cell propulsion system (with fuel and cooling)
= Specific energy of 1300 Wh/kg
— 24 hours of flight at 300 W

® Compare to high energy Lithium battery
= Specific energy of 200 Wh/kg
— 4.8 hours of flight at 300 W from 6 kg of battery
— OR 30 kg needed to fly for 24 hours at 300 W



Fuel Cell Propulsion Plant

NIQ ACCOMPLISHMENTS

v'High power fuel cell (Protonex)

—Adapted higher-performance membranes, new humidifier, air water and water pumps
=550 W in 1kg

v'High hydrogen fuel utilization (Protonex)

—Increased fuel utilization from 93 to 99%
v Customized fuel cell electronics (Protonex)

—Incorporated voltage cycling routines to improve fuel cell performance in flight
v'High performance, lightweight radiator (NRL)

—Developed cooling model and validated It with wind tunnel testing
v/ Light hydrogen fuel storage tanks (NRL)

—Completed trade study to identify best method for hydrogen storage

—Implemented new methods to lighten aluminum liners

—Studying new materials to increase strength to weight ratio of carbon overwrap
v'Poison recovery methods (NRL)

—Patented method to recover performance of contaminated fuel cells (NRL)
v/System testing/validation (Hawaii)

—Developed protocols to map fuel cell performance over ranges of humidity and
temperature




Design Sizing

Revohationary Roscarch . . . Rolorant Rosults

e TOGW 35.5 |lbs Dimensions
—  Fuel Cell 2.2 Ib «  Wing Area 16.9 ft2
—  Fuel Tank 8.0 1b * Span | 17.0 ft
e Fuel 1.11p * Aspect Ratio 17
— Regulator 0.4 b : tfggth 7-91f7t
— Cooling System 1.5/b
— Propulsion System 0.91b
~ Avionics L0 | I cruise Power 267w
— Airframe* 15.5 /b )
Pavioad 0 1b — Propulsion 200 w
- rayloa >. —  Avionics 20w
— Flight Control 20
* With NRL supplied internal mounts, 3 P/g y don il 20W
wiring, etc ayload w
— (Conversion Losses /W

Attempts to identify a COTS airframe capable of carrying the fuel tank
were unsuccessful, necessitating a custom airframe design.



lon Tiger Airframe
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Designed and systems integration by NRL
Built by Arcturus UAV

T Ir T 1 airframe for battery test flights
| A 2 airframes for fuel cell flights
ﬁ}ﬁ 1 extra nose for wmd tunnel/thermal testing




JINJF  Progression of Fuel Cell Systems
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lon Tiger Program Product:
Fuel cell at beginning of e 1kg and 550 W net

program (Fall 2007):
1 kg and 300 W net New componén ts/f eatures
¢ new humidifier design

» new air blower

higher power stack
integrated control electronics
99% H, utilization

POWERED BY

Protonex-




Nﬁ lon Tiger Radiator Cooling System
L. 120 °F/49 °C ambient operation

At start of program, fuel cell could not operate above 60 °C
Requires 7x larger radiator vs fuel cell that operates at 80 °C

Fuel Cell Reference Temp - vs- Radiator Size
300 W/m2-C Radiating Efficiency
49C Air temp (120F)
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Solution: Protonex incorporated new fuel cell membranes with
higher temperature capability



N lon Tiger Radiator Cooling System
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Spider Lion Radiator

New radiator enables lon Tiger
operation in 120°F environment

v’ Developed analytical tools for
future designs/improvements

M% Operation in
/% warmer

environments

Enabled by technical solutions:
e Lightweight radiator with improved heat transfer
e Higher fuel cell temperature with robust humidifier
design and stack membranes

Solutions came from: -
e Thermal modeling of fuel cell and radiator EREREEEEEE -
e Wind tunnel testing of radiator designs | lon Tiger
e Improved radiator fabrication expertise Radiator

ERRRRRRR

——




Hydrogen as a Fuel
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HIGH ENERGY FUEL
— Energy/weight: ~ 4600 Wh/kg
— Up to 10,000 psi gas in development

— 5000 psi best weight advantage for
UAVs

— International path for fuel cell
automobiles

ADVANTAGES

— Responds immediately to change in load

— No waste produced (only H,O)

— Produced and monitored onboard naval platforms

Liquid hydrogen fueling system
DISDAVANTAGES being deployed for Global
— Difficult logistics for remote land locations Observer

— Large storage volume (but OK for UAVs)
LH, is 3X as dense as gas!



? lon Tiger Hydrogen Storage Trade Study

Revobathonas ul\unlr Relevant Kosalts
Hydrogen Trade Study Results
450
Won't satisfy requirements
OTotal BQualitative BQuantitative | Note: Lower scores are preferable
400
350 :
Our schedule/budget can handle going to Al
lined if this fails, so this is the primary plan;
try for higher performance linerless tank first.
300
_ Highest Risk, Highest Payoff...
Lowest Risk, Lowest Payoff Reasonable shot at successs;
Satisfies Requirements: Backup Plan try this on the side
® 0 Won't satisfy requirements
8 \
O
0
200 Won' safisfy requirements l
150 j
100
50
0 T :
Carbon Wrapped Al Carbon Wrapped Ti Linerless Carbon Linerless Carbon Cryogenic H, Sodium Borohydride
Vendor 1 Vendor 2

H2 Storage Method



Carbon Overwrapped
Aluminum H, Tanks
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New technologies demonstrated:
* Metal spinning for custom tanks sizes
* Demonstrated new resins with 10% -

more strength Overwrapped
Pressure

22-liter tank Vessel

made by metal
spinning

Integrated into
\ | the lon Tiger

e
4

= VWallée ™
Achieved program goal of 500 g hydrogen storage . ‘ i
in 22-L tank weighing 3.6 kg (8 Ibs) Zaml 5

including 0.15 kg regulator = 13% H, storage




Nﬁ Hawaii-ONR Fuel Cell Test Facility

swary Rosearch . . . Rolovant Roslts

Leverage Fuel Cell Test Facility at Hawaii Natural
Energy Institute

Tasks:

1. Map out full performance matrix of fuel cell stacks
2. Optimize components with hardware-in-loop (Hil)

1 : ® 11 Test Stands
Facility View — Single cells (25 to 600 cm?)
— Stacks up to 2 kW
— Hardware-in-the-Loop (HiL) dynamic testing of cell
and stacks
® On-site production of high purity hydrogen and air
® High resolution on-line gas analysis

® 24/7 automated operation with secure on-line data
access

® US Fuel Cell Council and industry validated test
protocols

HiL & GLP Test Stand ® Full-time trained test engineers

!. Hawaii Natural Energy Institute
Il W ww.hnei.hawaii.edu




Revohationary Rosoarch .

Reokerart Koswlts

Hardware in Loop Set Up

Fuel Cell Stack
Operating
Characteristics

Operating Strategy
= Ramp rate restrictions
= Purging
= Oxide cleaning cycles
= Hybridization

Adjust

or N
Change

Hybrid
Power System
(HPSys)

Simulation

Meet
Mission
Profile
?

YES

Hardware in the Loop

(HIL) testing

Battery
Operating
Characteristics

UAV
Specification
&
Mission Load
Profiles

Simulation outputs
(as a function of time)

Fuel Cell Stack

Electrical performance

Heat load

H, consumption rate & total
Air consumption rate & total
Water balance

Exhaust conditions
Thermal & stack efficiency

Battery Pack

Battery type

Battery mass

Battery charge or capacity
Battery energy density
Max. power @ 100% SoC
Final & initial SoC

Battery voltage

DC-link voltage

!! Hawaii Natural Energy Institute

.I www.hnei.hawaii.edu
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Fuel cell testing at HNEI
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B 1.6 Stoich 02.0 Stoich B2 4 stoich Stack Power @ 1200 mAsc (25_2 Amps)
o0 50C 60C 65C 70C
650
Fuel cell at >
Fuel cell starts to dijop out at high
550 W iihaer temperature and low humidit
g 50| most P y
g conditions
§ 550 - —
a
& s00
450
400
50 75 100 50 75 100 50 75 100 L 75 100

Relative Humidity (%)
Map out stack performance vs: temperature; humidity; current density;

air to gas stoichiometry

!. Hawaii Natural Energy Institute
Il W ww.hnei.hawaii.edu




= Fuel cell survivability in naval
b B environments

e Motivation: Develop methods to
regain power during operation
and maintenance if catalysts are
poisoned.

— Sulfur in air can poison cathode
catalysts

— EIectrode performance can be = Explosives Detonation Sulfur Products
regained under certain cycling = oot
conditions 3 o012 NSWC-Carderock
= 001 +—
o
§ 0008 1 B SO2
Sulfur blocks ‘§ 0006 1+ @ H2S
0, H,S surface of Ptso | § %% T
% S0, that O, cannot 3 02 T H
o, 1 2 3 o : . ]
oj ) N ';;ig”‘ react & . & Q&@@« &@o £ & & o8
O T PTG & & &
({(((" .. 66\0\l~ N
02 02 v Type of Explosive
HO( &2




New method developed to recover
sulfur-poisoned fuel cell

—A— |nitial Performance .
—0O— Performance after 16.0umol SO,

—v— Performance after Potential Cyclinginjl| | New method demonstrated to

09
— recover fuel cell performance
> . .
— 08 i in less than one minute
(o)}
S
5 07 - v Cycle electrode to high
i - ' ' y potential (1.1 V) to oxidize
S o6 ! QN fo i \ . sulfur to sulfate

i *9\9\ = 1 v'Desorb the sulfate at low
0.5 0ssf \f Wﬁg \D ] potentials (<0.2 V)
0.4 | 0_80.)-.01 i i i P ‘0:1 _

1 | 1 | 1 | 1 | 1
00 02 04 06 08 10 12
Current Density[ A cni’ ]

The result of several years of research ....
Fuel cell performance can be recovered during flight if the fuel cell is
contaminated

!! Hawaii Natural Energy Institute
.I www.hnei.hawaii.edu




Flight testing




Nﬁ Power profile for 23 hr flight

700 , , , ,
Smoothed Propulsion Power
Smoothed Fuel Cell Power
600
jmb out ﬂ |1 4 Hikher Winds Cold front from 2
>0 1 to 4 AM
< | || | Vehicle flew at full
S 400 et power for >20%
z of flight
" 300 il Hybridization with
battery
200 | inadequate
100
1 2 31 4 5 6 7 18 8 10
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(DN System level considerations

1.lon Tiger system grew in complexity over the course of the
program

2.“Hybridization” will not work for naval platforms
* The 11- and 23- hour flights had periods when fuel cell used
at full power for long periods of time

*  Maximum power of fuel cell is maximum power of
system

* May be an opportunity for load leveling if we can get small
high power batteries




FY10 lon Tiger Plans

® Increase in fuel cell power from 550W to 1.5 kW (2 HP)

— Protonex Technology Corp under contract to build
breadboard system

® Demonstrate 3-day flight of lon Tiger with cryogenic hydrogen

— Store 3x more fuel for same weight as compressed
hydrogen

— Goal to fly in Fall 2010

22



Summary and Outlook

lon Tiger program has been successful.

Completed 26+ hour flight in windy conditions.
24 h flight with a 5 |b payload in sight

Success owed to:
High performance fuel cell

Improved radiators/thermal strategy
Lightweight hydrogen storage

Other enabling technologies
Thermal model
Improved fuel cell components
Fuel cell system model
Method for recovery of poisoned fuel cells




Specific power (Watts per kg)
(without fuel & tank)
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NRL Progress in Fuel Cell Propulsion

Systems
2009
lon Tiger
24 hrs flight
2007 500 W max
5 Ib payload
’ XFC
& 2 6-8 hrs flight
= 300 W (max)
2 Ib payload
2005
| Spider on
3.3 hrs flight  No payload
100 W max
500 1000 1500

Specific energy (Watt hours per kg)
(with fuel and tank)




